Ce-doped strontium bismuth titanate (SrBi 4 Ti 4 O 15 , SBT) powders were prepared by glycine-nitrate process at 400-500°C and the ceramics were sintered at 980°C. The phase composition, morphology and electric properties were investigated. It was found that the calcined powders consist of a single phase SBT and the calcination temperature is lower than that for the conventional solid state method. The morphology of Cedoped SBT is flake-like and the layer size decreases with Ce-addition from 12 to 2 µm confirming that the addition of Ce 3+ inhibits grain growth. The Curie temperature of Ce-doped SBT increased for about 20°C compared to the pure SBT. The tan δ was ∼0.005 at 35°C and even below 0.05 up to 400°C. The temperature coefficient of dielectric constant was ∼0.012 and the rate of frequency change was 0.01-0.04, which indicated the high stability of dielectric properties of the Ce-doped SBT. Impedance analysis revealed that the conduction mechanism of the Ce-doped SrBi 4 Ti 4 O 15 ceramics is mainly grain conduction.
I. Introduction
Bismuth layer structured ferroelectrics (BLSFs), one of the lead-free piezoelectric ceramics, present good fatigue resistance properties, relatively high Curie point (T c ), and lead-free environmental friendly. They are applied widely in electronic devices like high temperature piezoelectric devices and non-volatile memories to replace traditional lead-based ceramics [1] . BLSF has a unique crystal structure where the bismuth oxide (Bi 2 O 2 ) 2+ layers and pseudo perovskite (A m-1 B m O 3m+1 ) 2 - blocks stack alternately along their cdirection, where A represents a mono-, di-or trivalent ion or a mixture of them at a 12-coordinated site, B represents either a tetra-, penta-or hexavalent ion at a 6-coordinated site and m is the number (m = 1, 2, 3, 4 or 5) of BO 6 octahedras in a pseudo perovskite block [2] .
The orthorhombic SrBi 4 Ti 4 O 15 (SBT), as a singlephase layered perovskite, is characterized by its high Curie temperature (T c ∼ 520°C), low dielectric loss, high dielectric breakdown strength, high anisotropy and excellent fatigue endurance. It has attracted much of at-tention due to its promising applications in high temperature piezoelectric devices and high-density capacitors [3] . However, certain problems associated with SBT such as high leakage, difficulty in polarization, volatilization of the bismuth during sintering, and the random arrangement of plate-like crystal grains will lead to a low density and undesirable properties [4] . To overcome these shortcomings, many efforts have been made to improve the ferroelectric and piezoelectric properties of SBT ceramics, including: i) A-or Bsite substitution, ii) application of low temperature synthesis route, iii) formation of intergrowth structure, iv) using grain orientation techniques, etc. [5] [6] [7] .
Ashok et al. [8] studied Sr doped SBT and measured its T c = 561°C, K p = 59% and d 33 = 18 pC/N. Wang et al. [9] studied Co-doped SBT and found that it had high temperature stability. Zhao et al. [10] studied Na 0.5 Bi 4.5 Ti 4 O 15 -(x−1) Na 0.5 Bi 0.5 TiO 3 and also got the materials with high temperature stability. A-site substitution is more effective than B-site substitution because the cations at B-sites are similar in size and can hardly make a major contribution to the polarization process. Consequently, most reports on enhancing the ferroelectric and piezoelectric properties of SBT ceramics concentrate on A-site rather than B-site modification [11] . It is found that Ce (A-site substitution) doped in Bi 4 Ti 3 O 12 ceramics can appropriately enhance the dielectric and ferroelectric properties [12] .
The impedance analysis is the path of studying the grain and grain boundary contribution towards conductivity, and it is a useful method to study the conduction mechanism of the material. Chandra et al. studied the grain and grain boundary contribution towards conductivity of Ni 1-x Mg x Fe 2 O 4 with x = 0.0-1.0 with the Nyquist plots [13] . Naidu et al. [14] studied the electrical conduction mechanism with the Cole-Cole plots and the type of relaxation -Debye or non-Debye.
The glycine-nitrate process (GNP) is a lowtemperature process with low energy and cost consumption, simple operation and full utilization of energy released between metal nitrate and fuel (glycine). The plate-like SBT ceramics can be synthesized successfully via the glycine-nitrate process under the optimal conditions [15] . Therefore, A-site cerium modified SrBi 4-x Ce x Ti 4 O 15 ceramics of x = 0-0.08 were synthesized via the glycine-nitrate process. The dielectric properties (dielectric constant, dielectric loss, temperature coefficient of dielectric constant and the rate of frequency change) were evaluated. Moreover, the conduction mechanism and complex impedance response were analysed by Cole-Cole plots.
II. Experimental
SrBi 4- Figure 1 shows the detailed flow chart of this experiment. All raw materials were weighed according to the composition of SBT excluding bismuth nitrate. It was weighed in excess of 2 mol% of the stoichiometric amount to compensate for bismuth volatilization in the high-temperature atmosphere. Then the glycine and nitrates were dissolved into deionized water and Ti(C 4 H 9 O) 4 was dissolved into ethanol. According to the theories of propellant chemistry [16] , the amount of glycine (fuel) was calculated for full reaction with nitrates by assuming complete oxidation of the fuel (G/N = 2 : 1 Subsequently, the ethanol solution of butyl titanate was added into the nitrates solution dropwise to obtain a white suspension. It was heated to volatilize ethanol in water bath at 80°C and formed a uniform and transparent precursor solution, followed by further heating at 100°C to dehydrate it in order to yield a glycine-nitrate mixture. The resulted mixture was calcined at different temperatures (250, 400, 450 and 500°C) for up to 2 h to acquire SBT powders.
The calcined powders were mixed with appropriate amount of PVA binder (about 10 wt.%) and then compacted at 20 MPa in a steel die for 1 min to gain pellets with 10 mm diameter and 1-2 mm thickness. Subsequently, the green pellets were placed in programcontrolled furnace to continuously burn out PVA and fired at 120, 250 and 550°C (heating rate: 2°C/min) for 2 h, respectively. Finally, the green pellet of unmodified SBT was sintered at 1000°C and the modified ones were sintered at 980°C for 2 h.
The microstructure of the calcined powders and sintered pellets were investigated by a scanning electron microscope (SEM) (Hitachi S-4800, Japan). The phase identification and structure analysis were performed using X-ray diffractometer (Shimadzu XRD-7000, Japan) with Cu-Kα radiation and 2θ range 10-60°.
In order to measure electrical properties, the ceramic pellets were polished, covered with silver paste and fired at 800°C for 15 min as electrodes. The temperature and frequency dependence of the dielectric properties of SrBi 4-x Ce x Ti 4 O 15 ceramics were measured using a precision LCR meter (Agilent Technologies, Inc. E4980A, USA) with a high temperature dielectric spectrum test system (EMRL XJTU GJW-1, China) in the temperature range of 20-600°C. The complex impedance (Z * ) measurements as a function of frequency (1 kHz-1 MHz) and temperature (20-700°C) were carried out using an electrochemical analyser (CH Instruments Inc. CHI660E, USA) with a tube furnace (Carbolite Gero MTF Controller, UK).
III. Results and discussion

Phase structure and micrograph
The XRD patterns of SrBi 4-x Ce x Ti 4 O 15 powders calcined at different temperatures are shown in Fig. 2 . The powder heat-treated at 250°C for 3 h contains SrTiO 3 , Bi 4 Ti 3 O 12 and other unknown phases, which are in accordance with the intermediary products of redox reactions. It was also shown that the SBT layeredperovskite phases were formed after calcining at 400°C and the temperature is much lower than with the conventional solid state processes (800-900°C) [4, 17] . Thus, the appropriate conditions for preparation of SrBi 4-x Ce x Ti 4 O 15 powders are calcination at 500°C for 2 h.
A series of the powders was prepared at 500°C for 2 h and sintered to form bismuth-layered ceramics at 980°C (r = 1.01 Å), since the ratio of ionic radii (1.94%) is much lower than 15%.
Meanwhile, the diffraction peak with the strongest intensity, (119) plane, is in agreement with the principle defined as 11(2m+1) observed in BLSFs. The right inset in Fig. 3 shows the enlarged image of the main diffraction 119 peak, which slightly shifts towards the higher angle side with increasing Ce-doping. Thus, according to Bragg equation (λ = 2d · sin θ), the interplanar spacing d decreases, so a slight shrinking of the lattice of the Ce-doped BST is expected. For all ceramic samples, the variations in the lattice parameters and unit cell volume are shown in Fig. 4 , which demonstrates that there is a slight reduction in the cell volume. The energy disper- sive spectrum of SBT-4Ce ceramic is shown in Fig. 5 . Combined with the XRD and EDS analyses, it is found that the percentage content among different atoms is in the error allowable ranges, and it is generally consistent with the stoichiometry of SBT-4Ce. So, it confirms that Ce ions diffused into the lattice of SBT and partially replaced the Bi 3+ . Table 1 shows the change of bulk density of the sintered pellets according to the additive composition. The density of the specimen with proper amounts of Ce was higher measured to be from 7.35 to 7.59 g/cm 3 , compared with that of the specimen without Ce (6.83 g/cm 3 ). This indicated that Ce doped can improve the compactness of the material but excessive addition of Ce can slightly inhibit the densification of BT grains. interfacial energy to prevent grain boundary diffusion. The size of flake decreases from 12 µm for x = 0 to 2 µm for x = 0.08, while the thickness varies from around to 0.2 µm. The samples present a high aspect ratio because the grain growth is highly anisotropic on account of the high grain growth rate in the direction perpendicular to the c-axis of the SBT crystal [7] , which can be attributed to the increase in the fine grains existing between large anisotropic grains with increasing Ce addition [19] .
Analysis of dielectric properties and impedance
The temperature dependence of the dielectric constants (ε r ) and loss (tan δ) for the sintered SrBi 4-x Ce x Ti 4 O 15 ceramics is shown in Fig. 7 . The ferroelectric-paraelectric phase transition Curie, temperatures, T c , for the Ce-doped samples are between 536-542°C, higher than those (520°C) reported in literature [20, 21] [22] . The temperature coefficient of the dielectric constant can be expressed as follows:
where ε ′ max , ε ′ re f , T max and T re f are the maximum dielectric constant in specific temperature range, the dielectric constant at the reference point, the temperature of maximum dielectric constant and the temperature of reference point, respectively. The values of TCP ppm , were calculated in the range from 400°C to T c , as shown in Table 2 . The temperature stability is better when the value of TCP ppm is decreasing [23] . In addition, ε r versus temperature curves are broadened and show light relaxor behaviour, which are partially due to the compositional fluctuation in the crystallographic sites and the inhomogeneous distribution of two different cations at the same crystallographic A-site [24] . The phenomenon can be further described by the modified Curie-Weiss law [25] :
where ε ′ m is the value of the dielectric constant at T c and γ (1 ≤ γ ≤ 2) is the degree of diffuseness in ferroelectric-paraelectric transition. For normal ferroelectrics, γ = 1, while for an ideal relaxor, γ = 2. The insets in Fig. 7 depict the linear fitting and the γ values.
It can be seen that the dielectric constant ε r decreases with increasing Ce-doping amount at 100 kHz (Fig. 7f) , which can be attributed to the degradation of ionic polarization effect because r(Ce , which would give rise to the electrovalent imbalance leading to the production of A-site vacancies. According to the theory of soft and hard doping, when there are more A-site vacancies, the lattice distortion will be larger and the dielectric constant will decrease. The degradation of the dielectric constant makes it more suitable for tiny electronics like integrated circuits, grid electrodes, etc. Figure 7f demonstrates that the dielectric losses are below 0.05 from the room temperature to 400°C, , which degrades the concentrations of oxygen vacancies and electrons originating from the Bi 2 O 3 volatilization, which inhibits the motion of these free charge carriers, leading to the decreased dielectric losses [26] . However, the value of the tan δ rises sharply above T c for all doping concentrations. That may stem from the space charge polarization and the conductivity beginning to dominate above T c . The values for the ε r at 35°C, maximum ε m , tan δ at 35°C and tan δ at 400°C, as well as T c of the SrBi 4-x Ce x Ti 4 O 15 ceramics are shown in Table 2 . Figure 8 shows the frequency dependence of ε r and tan δ for SrBi 4-x Ce x Ti 4 O 15 with x = 0.04, 0.06. It can be seen that SBT ceramics show stable permittivities and small dielectric loss at the temperature range of 350-450°C, giving rise to the frequency stability. In the entire temperature range, ε r and tan δ have similar variation trends and relative stability, which indicates that there is little frequency dependence of the sintered ceramics. Also, the frequency stability can be measured by using the rate of frequency change (η) and it is defined as:
where ε ′ ( f 0 ) and ε ′ ( f ) are the dielectric constant at 100 Hz and measured frequency f , respectively. The values of η, calculated in the condition of 100 kHz and 40°C, are shown in Table 2 .
Generally, the carriers migrate along the path through the grains and grain boundaries, inducing MaxwellWagner polarization. That will produce resistance and capacitance in the grain and grain boundary, so the main conduction mechanism is related to the responses of grain and grain boundary for most ceramics. Figure 9 shows the equivalent circuit used for the Ce-doped SBT ceramics. Figure 10 shows the temperature dependence of the complex impedance spectra (Cole-Cole plots) for SrBi 4-x Ce x Ti 4 O 15 (x = 0, 0.02, 0.04, 0.06 and 0.08) and the insets are the enlarged local images. Along with frequency increase, the Ce-doped SrBi 4 Ti 4 O 15 system Figure 9 . The equivalent circuit diagram undergoes various relaxations: space charges relax at lower frequencies, the grain boundary relaxation in the middle while the grain relaxation occurs at higher frequencies [27] . In this connection Cole-Cole plots were drawn (Fig. 10) of these arcs are above real axis and hence it is confirmed that the present samples are of higher homogeneity and obey ideal Debye relaxation [28] . It is indicated that the conduction mechanism is not affected by the Ce doping, and the arc is smaller when the temperature is higher. This phenomenon illustrates that the loss becomes heavier and induces the degradation of impedance. The low frequency semicircle and the high frequency semicircle can be attributed to the grain boundary and the grain, respectively, because the capacitance and resistance of the grain boundary are higher [29] . In addition, the Ce-doped samples have larger impedance values, which are much larger than the unmodified value of 100 kΩ at 450°C. When x = 0.06, the impedance value rises to the maximum at about 600 kΩ. It can be explained that the loss is reduced when Ce ions are doped into the lattice of SBT according to the analysis of dielectric properties results. When x = 0.08, the increased loss indicates the reduction of impedance value because of the lattice distortion. From the insets in Fig.   10 , it can be observed that the intersection of semicircle with x-axis does not equal zero for all compositions at high frequencies, owing to the restriction of measurement frequency in this experiment. In fact, there could be a fainter arc, which coincides with the phenomenon occurred in the research of the layered CaCu 3 Ti 4 O 12 and can be ascribed to the response of domain boundary [30] . According to the complex impedance (Cole-Cole) plots, the DC conductivity and activation energy resulting from the defect and vacancy can be evaluated [5] . The intercept of the semicircular arc on real axis gives the total resistance (R tot ), and the DC conductivity (σ DC ) of the bulk can be calculated using the relation:
where S and t are the electrode surface area and thickness of the pellet, respectively. The activation energy (E DC ) for the DC conductivity can be obtained from the Arrhenius equation (Eq. 5), using the slope in the plot of ln σ DC versus 1000/T . Typical conductivity dependence on the temperature is shown in Fig. 11 , where it is noticed that the conductivity gradually increases with increasing temperature.
The activation energy E DC , calculated for all compositions, is obviously different which may be due to the effect of material defects on the activation energy. Because of the lattice distortion, the E DC of SBT-4Ce is the lowest. Variations in the real and imaginary parts (Z ′ , Z
′′
) of impedance with frequency at different temperatures are illustrated in Fig. 12. From Fig. 12a , it can be easily noticed that the value of Z ′ declines with the increase in both temperature and frequency. The Z ′ values of all samples gradually converge at selected temperatures when the frequency is over 100 kHz. It is indicated that the impedance of grains and grain boundaries are re- Figure 12 . The impedance as a function of frequency for SBT-4Ce ceramics at selected temperatures: a) real and b) imaginary part duced, and there is electrode interface resistance, which releases the space charges [31] . However, the values of Z ′′ for all temperatures go through a period of ups and downs with increasing frequency, which are given in Fig. 12b . As the temperature and frequency rise, the value of Z ′′ reduces and eventually merges into the high frequency domain. So, the presence of space charge polarization effects is at lower frequencies and higher temperatures [8] . The multiple relaxations may be due to the presence of free electrons at lower temperatures and structural changes as defects and/or vacancies at higher temperatures [32] .
IV. Conclusions
The SrBi 4-x Ce x Ti 4 O 15 (where x = 0, 0.02, 0.04, 0.06 and 0.08) samples were successfully prepared by glycine-nitrate process and sintering. The structure, phase, dielectric properties and impedance were investigated. The obtained results show that the SBT powders can be obtained by GNP at 400°C, which is lower than the traditional solid-state reaction temperature of 800-900°C. XRD and EDS confirm the formation of a single phase and that Bi is replaced by Ce in the SBT structure, which induces a small reduction in unit cell volume. The SEM reveals that the plate-like morphology has a high aspect ratio and the grain size is dramatically decreased compared with unmodified SBT. That indicates that the addition of Ce ions inhibits the grain growth of ceramics. The 
